Summary 2-(4-Aminophenyl)benzothiazole (CJM 126) elicits biphasic growth-inhibitory effects against a panel of oestrogen receptor-positive (ER+) and oestrogen receptor-negative (ER-) human mammary carcinoma cell lines in vitro, yielding IC50 values in the nm range. Substitutions adjacent to the amino group in the 2-phenyl ring with a halogen atom or methyl group enhance potency in sensitive breast lines (pM IC50 values). Transient biphasic dose responses were induced but rapidly eradicated after specific drug exposure periods. Two human prostate carcinoma cell lines were refractory to the growth-inhibitory properties of 2-(4-aminophenyl)benzothiazoles; IC50 values > 30 ,UM were obtained.
We have previously reported on the biological properties of polyhydroxylated 2-phenylbenzothiazoles (Stevens et al, 1994) , which were originally designed as potential tyrosine kinase inhibitors modelled on structural comparisons with the flavone quercetin and isoflavone genistein (Yates et al, 1991) . 2-(4-Aminophenyl)benzothiazole (CJM 126) (Figure 1 ), prepared as a synthetic intermediate in this programme, was found to elicit pronounced inhibitory effects against certain breast cancer cell lines in vitro with an intriguing biphasic dose-response relationship . Analogues of CJM 126 were prepared and structure-activity relationships derived using oestrogen receptor-positive (ER+) MCF-7 and oestrogen receptor-negative (ER-) MDA 468 cell lines. Modification of the heterocyclic nucleus to generate benzoxazole or benzimidazole congeners of CJM 126 had a dyschemotherapeutic effect. In contrast, substitution at position 3 in the phenyl ring with a halogen atom or alkyl group enhanced potency in the breast carcinoma panel and extended the in vitro spectrum of activity to include certain human ovarian, lung, renal and colon carcinoma cell lines . In vivo evaluation of selected 2-(4-aminophenyl)benzothiazoles also demonstrated significant tumour growth inhibition against ER+ (MCF-7 and BO) and ER-(MT-l and MT-3) human mammary xenografts growing in immune-deprived mice.
A rewarding feature of this new class of compounds is their simple structure and ease of synthesis (Stevens et al, 1995; Shi et al, 1996) . The nature of the substituent introduced adjacent to the amino group has a profound influence on the physical properties of these compounds, affecting their aqueous solubility, pKa and sites of protonation (Wheelhouse et al, 1996) . Furthermore, it is clear that small modifications in structure influence the biological action of compounds in the series. In this report, we describe the nature of the biphasic dose response observed in sensitive cell lines with this novel class of agent. CJM 126, DF 129, DF 203, DF 209 and DF 229 (Figure 1 ) were synthesized according to published methods in our laboratories. Stock solutions of drugs (10 mM) were prepared in dimethyl sulphoxide (DMSO) and stored, protected from light at 4°C for 4 weeks. Serial dilutions were prepared in medium before assay. RPMI 1640 tissue culture medium was obtained from Gibco (Paisley, UK). Fetal calf serum (FCS) was purchased from Globepharm (Esher, UK). Phosphate-buffered saline (PBS) was supplied by Oxoid (Basingstoke, UK). Amersham Figure 1 Structure of 2-(4-aminophenyl)benzothiazole compounds 100 IU ml-' penicillin and 100 gg ml-' streptomycin in an atmosphere of 5% carbon dioxide. Cells were subcultured twice weekly to maintain logarithmic growth.
MATERIALS AND METHODS Drugs and media
For inhibition assays, cells were seeded into 96-well plates at a density of 2.5 x 102 per well and allowed to adhere for 4 h before drug was introduced. A final drug concentration range between 1 pM and 100 gM was achieved (n = 8). Cultures were incubated for 10 days (MDA 468) or 7 days (all other cell lines). For 72-h incubation assays, cells were seeded at a density of 5 x 103 per well. At the time of drug addition, an assay was performed to obtain mean absorbance at this cell density (n = 72). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, final concentration 400 jg ml-1) was added to each well. The following 4-h incubation period allowed metabolism of MTT by mitochondrial dehydrogenases of viable cells to form an insoluble formazan product. Medium was aspirated and formazan solubilized by addition of DMSO (100 jl) and glycine buffer (25 jl 
NCI cytotoxicity assays
The NCI protocol has been described previously (Boyd, 1989) . Briefly, cell lines were inoculated onto a series of 96-well plates. Seeding densities varied depending upon growth characteristics. After a 24-h drug-free incubation, test compounds were added routinely at five tenfold dilutions starting at maximum 104 M. After incubation periods of 48 h or 6 days, cell growth or viability was assayed using the sulphorhodamine B procedure (Boyd and Paull, 1995) . COMPARE is the computerized pattern-recognition algorithm used in evaluation of data generated by the NCI screen (Weinstein et al, 1997) . It is a method of determining and expressing the degree of similarity or lack thereof of mean graph profiles generated on compounds. The response profile fingerprints of 2-(4-aminophenyl)benzothiazoles were used as 'seeds' to probe other mean graph data bases to examine whether any closely matching profiles exist.
Cell cycle distribution
Cell cycle distribution was analysed in control and treated cell cultures based on the method described by Nicoletti et al (1991) . Briefly, after treatment, cells were washed twice in ice-cold PBS.
Fluorochrome solution, containing 50 ,ug ml' propidium iodide, 0.1% sodium citrate, 0.1% Triton-X-100 and 0.1 mg ml-ribonuclease A, was added (1 ml I0" cells). Samples were transferred to polypropylene tubes and kept at 4°C. Linear analysis was performed on a Becton Dickinson fluorescence-activated cell sorter (FACS) machine using Lysis II program version 1.1.
Measurement of DNA synthesis Activity in S-phase of the cell cycle was measured after tritiated thymidine incorporation. Cells were seeded at densities of 5 x 10"-1.5 x 105 per well in 24-well plates and allowed 4 h to adhere before addition of drug (final concentration range 1 nM-100 ,UM, n = 3; control, n = 6). Exposure periods between 24 h and 96 h preceded introduction of [3H]thymidine into wells (1 gCi ml'). Figure 3 shows data obtained after LDH assay of MCF-7 cells exposed to DF 203. After a 96-h exposure, growth and viability decreased with increasing drug concentrations up to maximum cytotoxicity after 100 nm exposure. Viable, dividing cell colonies were observed in wells treated with 10 JM DF 203. However, after 144 h of incubation, the proliferative potential associated with 10 JM DF 203 was absent and cell viability was negligible. An LC50 value < 1 nm was obtained.
Initial investigations performed at the NCI after a 48-h drug exposure revealed powerful growth inhibition of selected humanderived tumour cell lines . For example, IC50 values < 10 nm were obtained in the TK1O renal cell line after treatment with DF 129, DF 209 or DF 229 ( Figure 4A) Figure 4B ). In contrast, continuous exposure of MCF-7 cells to CJM 126 was essential to maintain the second, proliferative stage of the biphasic response. Exposure to CJM 126 (24-120 h) followed by drug-free incubation periods (144-48 h) did not affect the growth-inhibitory profile at concentrations < 1 gM (data not shown). However, the 'proliferative' phase, between CJM 126 concentrations of 3 gM and 30 gM was not detected. Figure 5A Cell cycle distribution FACS analysis was used to examine cell cycle distribution in cultured cells exposed to 2-(4-aminophenyl)benzothiazoles. Representative DNA histograms of MCF-7 and MDA 468 populations exposed for 72 h to 30 gM DF 129 are shown. After immediate treatment, both MCF-7 and MDA 468 cells continued to enter and progress through S-phase, but ceased S-phase entry after a 96-h exposure to DF 129 (120 h, DF 203). Indeed, a small but highly consistent S-phase peak was obtained in MCF-7 cells ( Figure 6B ) accompanied, inconsistently, by a hypodiploid DNA peak. Strikingly, in MDA 468 cells only, events accumulated and arrested in G2/M cell cycle phase before population death ( Figure  6D ). In treated populations of both cell lines, a corresponding decrease in GI phase was observed. 
Compare analysis
Computerized pattern-recognition evaluation of the NCI database of > 50 000 compounds (Boyd and Paull, 1995) demonstrated that 2-(4-aminophenyl)benzothiazoles substituted in position 3 of the phenyl ring with a halogen atom or a methyl moiety were COMPARE negative with all classes of clinically active therapeutic agent. DF 203, DF 209 and DF 229 were the only agents presenting Pearson correlation coefficients >0.7 with DF 129 as seed compound.
DISCUSSION
Novel compounds have been identified that possess extremely powerful and highly selective anti-tumour activity in vitro. The growth-inhibitory profiles induced in sensitive cell lines exposed to 2-(4-aminophenyl)benzothiazoles did not however present a classical progressive dose-response profile. At concentrations examined below 1 gM, dose-dependent decline in cell viability occurs. Yet at concentrations beyond 1 gM, cells appear to be subject to bivalent regulation: healthy proliferating colonies emerged amid dying cells. Furthermore, such dual control of cellular behaviour is strictly time dependent in the presence of substituted benzothiazoles ( Figure 2B and C, 3 and 8) .
The abrupt cessation of proliferation in MCF-7 and MDA 468 cells between concentrations of 1 JM and 100 JIM beyond a 72-h exposure to DF 129, DF 209 or DF 229 or a 120-h exposure to DF 203 may be a consequence of delayed reproductive or mitotic cell death that occurs after treatment of cells with drug or radiation, inducing irreparable damage but allowing cells to complete at least one cell cycle division (Darzynkiewicz et al, 1994) . Pulsing MCF-7 and MDA 468 populations with tritiated thymidine and cell cycle analyses confirmed continued S-phase activity after initial treatment with concentrations of DF 129 2 10 gM (Figures 6 and 8) . MCF-7 cells during this time presented an S-phase peak. Cell cycle analysis also revealed a corresponding loss of events from G, (Figure 7 ). It appears that sensitive cells exposed to In vitro anti-tumour activity of 2-(4-aminophenyl)benzothiazoles 751 completed S-phase, become blocked in G2/M. However, cdc2 kinase and cdc25 phosphatase, regulators of the G2/M transition, were uninhibited by DF 129 or DF 203 (IC50 > 50 gm; Dr H Hendricks, personal communication). Spontaneous cell death may be the inevitable result of failure in mitosis. Indeed, if cells are blocked in S, G2 or M for any length of time they die (Ruddon, 1987; Hotz et al, 1992) . Pagliacci et al (1994) Figure 5A and B) corroborate this view. Chemicals, including the metabolic product catechol oestrogen, have been reported to induce cell death and subsequent compensatory cell proliferation (Yang et al, 1995) .
In vitro anti-tumour activity was highly selective (Table 1) . Moreover, data generated at the NCI revealed highly consistent specific inhibition of cell lines from tumours of the same tissue origin, for example renal, colon and melanoma (Table 1) . Preliminary evidence has emerged to suggest that anti-tumour activity and selectivity observed within the ovarian cell panel in vitro predict drug performance in vivo (manuscript in preparation). Mechanisms underlying such stark selectivity are not yet understood. A number of potential biochemical targets for these novel benzothiazoles have been examined (details not shown). No interaction with oestrogen receptors or EGF receptors was found. No effect upon the activity of tyrosine kinase, protein kinase C, aromatase, lyase, topoisomerase II or telomerase was detected. Microtubule assembly was not inhibited.
Agent biotransformation at selective tissue sites may be an important determinant of target organ specificity. Catalytically active N-acetyltransferase 1 has recently been demonstrated in human mammary gland ductular epithelial cells (Sadrieh et al, 1996) . Indeed, rapid uptake and efficient acetylation of CJM 126 by sensitive breast cell lines has been recorded (manuscript in preparation) and contrasted with the negligible uptake and acetylation by unresponsive cell lines of prostate origin. Interestingly, N-(4-aminobenzoyl)-2-aminoaniline, an aromatic amine of related structure, which is rapidly N-acetylated by microsomal liver enzymes, has proved to be a highly effective and specific inhibitor of colorectal carcinoma; however the definitive mechanism of action remains to be elucidated (Seelig and Berger, 1996) .
Two cell lines displaying resistance to CJM 126 have been derived after long-term exposure to this agent: LT 10 nm populations were cultured in the presence of an inhibitory concentration (10 nM) of CJM 126, whereas LT 10 gM cultures were continuously treated with 1O,M CJM 126, a concentration within the second phase of the biphasic response, which appeared to emit opposing signals. Mechanism(s) of resistance operating within LT 1O nm and LT 1O gM cell lines appear to be unrelated to the multidrug-resistant phenotype; sensitivity to chemotherapeutic agents, such as doxorubicin, was maintained (Table 2) . COMPARE analyses revealing high Pearson correlation coefficients between DF 129, DF 203, DF 209 and DF 229 infer novel, but shared, biochemical mechanisms of action. In a recent publication, Akama et al (1996) reported the selective antiproliferative activity of 5-amino-2-(4-aminophenyl)-4H-1-benzopyran-4-one against MCF-7 cells. Intriguingly, the mechanism of action of this novel aminoflavone derivative, again not structurally dissimilar to the benzothiazoles reported in this paper, is not understood.
Finally, the selectivity and potency afforded by compounds within the benzothiazole family suggest that one or more of these agents may provide promising candidates for further preclinical evaluation. ABBREVIATIONS NCI, National Cancer Institute; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH, lactate dehydrogenase; DMSO, dimethyl sulphoxide; PBS, phosphate-buffered saline; EGF, epidermal growth factor; IC50, concentration at which 50% inhibition was encountered; LC50, concentration at which 50% toxicity was encountered.
